BACKGROUND/OBJECTIVE: To assess the effects of micronutrient supplementation on head circumference of rural Nepali infants and children. SUBJECTS/METHODS: We used a randomized controlled trial to assess the effects of micronutrient supplementation on head circumference in 569 rural Nepali infants and children aged 4-17 months. Children were randomized to: (1) zinc, (2) iron-folic acid, (3) zinc plus iron-folic acid or (4) a placebo group. Data on head circumference were collected during five visits at B3 month intervals over the course of a year. We calculated change in head circumference in treatment groups receiving zinc and iron comparing the first and fifth visits as well as used generalized estimating equations (GEE) to take advantage of data from all points in time. Models were adjusted for covariates unbalanced in the randomization and for baseline head circumference. RESULTS: Estimating differences in head circumference between baseline and visit 5, children in the zinc treatment group showed smaller decreases in head circumference z-score compared with placebo (adjusted b ¼ 0.13, 95% confidence interval (CI): 0.03 to 0.23). Using GEE, zinc treatment was associated with 0.11 (95% CI: 0.05 to 0.17) decrease in the rate of decline in head circumference z-score across visits as compared with placebo. Iron-folic acid supplementation was not associated with head circumference z-scores when comparing visits 1 with 5 or including data across all visits in adjusted models. CONCLUSION: Our results suggest that zinc supplementation confers a beneficial effect on the rate of head growth in Nepali infants.
INTRODUCTION
Head circumference early in life is an established indicator of brain development 1, 2 shown to predict subsequent mental functioning. [3] [4] [5] [6] [7] One recent report of critical periods found a strong association between postnatal head growth at 9 months and cognitive functioning at age 9 years, but no relation between head circumference in gestation or at birth with later neurodevelopmental outcomes at age 9 years. 8 Other studies have shown that small head circumference at birth can also predict poor intellectual performance in childhood and adulthood, 9, 10 although this relationship appears to depend on the particular cognitive domain. 11 Head circumference is considered the most sensitive anthropometric measure of long-term malnutrition in infancy, 12, 13 with caloric deprivation shown to be directly associated with suboptimal head growth.
14 Among small-for-gestational age preterm infants, higher mean postnatal energy intake/kg body weight per day in the first 2 weeks of life was associated with complete head circumference catch-up growth and better developmental and cognitive performance until the age of 6 years. 15 During early life, which is characterized by rapid development, the brain is particularly vulnerable to insufficient nutrients and other environmental insults. 1 Brain damage caused by malnutrition at an early age may be difficult to reverse, especially in impoverished settings where adequate stimulation in the home may be difficult to achieve. 16 Given the evidence for nutrition as an important predictor of head circumference and its significance for later cognitive performance [3] [4] [5] [6] [7] and the documented nutritional deficiencies in rural Nepal, 17, 18 in the present study we use a randomized controlled trial to assess the effects of micronutrient supplementation on head circumference in rural Nepali infants and children.
MATERIALS AND METHODS
The present study focused on zinc and iron-folic acid supplementation in relation to head growth of children in Ishwarpur, a Village Development Committee (VDC) in Sarlahi district of rural southern Nepal. It is based on a substudy of a cluster randomized 2 Â 2 factorial trial, the Nepal Nutrition Intervention Project, Sarlahi-4 (NNIPS-4), which investigated the effects of daily supplementation with iron-folic acid and zinc on mortality. 17, 19 The present analysis on head circumference was determined post hoc, and therefore was exploratory. Ishwarpur was one of the larger VDCs of 30 VDCs that were divided into 426 geographic clusters randomized in NNIPS-4. Sectors, and the villages within the sectors, were mapped and the houses were numbered. Children were randomized by sector, stratified by geographic area into four blocks to receive supplementation. For this substudy 23 geographic clusters within Ishwarpur were randomized into four arms: placebo, iron-folic acid, zinc and zinc plus iron-folic acid.
There were 569 children aged 4-17 months living in Ishwarpur between 7 January and 6 April, 2002 who participated in this substudy. The sample for our study included all but 44 (7%) of 613 eligible infants from a population-based census in this VDC conducted between December 2000 and March 2001. Nonparticipation was due to inability to locate the family or because the caregiver declined to participate. The Johns Hopkins University Committee on Human Research and the Nepal Health Research Council approved this study. The study was registered at www.clinicaltrials. gov (NCT00109551) (see Tielsch et al. 19 for the full trial protocol). After obtaining verbal consent, a pretested questionnaire was administrated at baseline. Children were followed for 12 months for follow-up assessment for a total of five visits at B3 month intervals. Sociodemographic, anthropometric and supplementation data were collected over the course of five visits to participants' homes and two clinic visits by the participants.
Baseline socio-demographic information included: infant's age in months (4-5, 6-8, 9-11, 12-14 or 15-17), gender (male or female), caste (high: Brahmin and Chetri; low: Vaiysha, Shudra or Muslim), ethnic group (Pahadi or Madeshi), maternal literacy (illiterate or literate), paternal literacy (illiterate or literate), paternal occupation (farmer, unskilled worker or laborer; business, government or private sector worker; unemployed, others or don't know). In calculating child's age, local festivals and lunar calendars were used to help identify the date of birth. A composite socioeconomic status (SES) variable consisted of ownership of up to twelve possessions, from among a latrine, servant, cattle, bicycle, radio, farmable land, home garden plot, second floor in the house, roof material, TV, electricity at home and bullock cart. This scale, based on data recorded by interviewers, was summarized into three categories: low (0-1 items), medium (2-5 items) and high (6-12 items).
Exposure: micronutrient supplements Our exposure variable was iron-folic acid and zinc supplementation, as compared with a placebo. Daily supplementation groups to which children were randomized included: (1) 10 mg zinc, (2) 12.5 mg iron and 50 mg folic acid, (3) a combination of 10 mg zinc, 12.5 mg iron and 50 mg folic acid or (4) a sugar placebo. Children less than 12 months old received half the dose. Nutriset (Malaunay, France) in collaboration with the Department of Child and Adolescent Health and Development (WHO, Geneva, Switzerland) supplied the vanilla-flavored supplements. Independent laboratories conducted chemical analyses to monitor supplement potency and content. Study staff gave supplements to children and watched them consume the tablets twice a week. On days when a home visit did not occur, children's caregivers administered supplements. For younger children, tablets were dissolved preferably in breast milk, or purified water if milk was not available. At every visit, fieldworkers counted the number of tablets consumed since the last visit and recorded compliance. Both the participants' families and research staff were masked to the intervention. All tablets looked identical in order to mask treatments, although there was a treatment code on the package. Codes (a, b, c, d) were printed on the data collection form and the blister packs. A link between these codes and contents of the supplements was kept in a sealed envelope by Nutriset. Randomization was done by writing each supplementation combination on slips of paper (all unique sequences of a, b, c, d), after which personnel from the senior project leadership blindly drew a paper at random indicating the first four sectors on the list, a process that was repeated for the next four sectors, and so on. To maintain masking of the investigators to treatment allocation, an independent systems analyst replaced the individual identifiers with a new, random set of identification numbers. Then the old and new identification information was filed and locked in a secure location, and the treatment codes were replaced with the information about the actual treatment.
Outcome: head circumference
The primary outcomes of the substudy were neurodevelopmental performance and physical growth. 20, 21 For this paper, we examined z-score for head circumference as our outcome of interest. Baseline head circumference measurements were made at an initial clinic visit, followed by four subsequent measurements taken during home visits 3 months apart. At each visit, three measurements of head circumference were taken. To measure head circumference, a calibrated measuring tape was used. Staff was instructed to remove anything on child's head, pull the tape taut and record the measurement to the nearest 0.1 cm. Fieldworkers with at least a high-school level education were trained to take length, weight and head circumference measurements. Training continued until 90% agreement was achieved. Follow-up training occurred once again during the course of the study. The mean head circumference of the three was used in the analysis to calculate the z-score. The STATA igrowup package developed by the WHO (http://www.who.int/childgrowth/software/en/) was used to calculate z-scores.
Statistical analysis
Data were analyzed using STATA 9.1 (Statacorp., College Station, TX, USA). We tested compliance by comparing the mean number of supplements received against that in the placebo group.
Compliance with supplementation was calculated as the number of tablets consumed divided by person days of follow-up. Data were analyzed to identify if there was an interaction between micronutrient supplements; however, as none was found, we calculated the main effect of each micronutrient supplement separately, that is, zinc and iron-folic acid. We carried out analyses describing the mean cumulative change in head circumference z-scores. We also compared the rate of change in head circumference between the intervention and placebo groups between visits 1 and 5 using generalized estimating equations (GEE). For the former, we calculated the mean difference in head circumference z-scores between the baseline and fifth visit to give us the rate of change in head circumference z-score for each child for each comparison group: children who received zinc versus children who received no zinc, and children who received iron versus children who received no iron. We carried out bivariate and multivariate regression analyses to determine the association between micronutrient supplementation and rate of change in head circumference z-score. As exploratory data analysis revealed that there was a significant difference in head circumference z-score at baseline between the intervention and placebo groups, the regression models adjusted for baseline head circumference in addition to socio-demographic covariates including caste, SES, ethnicity, maternal literacy and paternal literacy. The longitudinal analysis used data from all five visits. After plotting autocorrelation matrices for head circumference measurements and time series graphs, we specified an exchangeable working correlation structure supported by the data. We used GEE 22 to test the association between micronutrient supplementation and head circumference using the repeated measures from all five visits.
RESULTS
A total of 569 children were randomized into zinc (N ¼ 126), ironfolic acid (N ¼ 129), zinc plus iron-folic acid (N ¼ 162) and placebo (N ¼ 152). Throughout the follow-up phase, data were complete for a minimum of 87.5% in placebo, 90.7% in zinc plus iron-folic acid, 92.9% for zinc and 92.2% for the iron-folic acid group by the final visit (Figure 1 ). Head circumference data were missing during visits 2 and 3 for a maximum of 12.5% of children in the placebo, 3.1% in the iron-folic acid, 7.9% in the zinc and 6.9% in the zinc plus iron-folic acid groups. Compliance with treatment assignment for iron-folic acid (53%) and iron-folic acid plus zinc (59%) groups were both significantly different from the compliance among the placebo (66%; Po0.01). However, there was no difference between average compliance among the placebo (66%) and zinc (65%) groups (P ¼ 0.59). Compliance among the group receiving any iron was significantly lower than the group receiving no iron (b ¼ À 0.09, Po0.01). There was no difference in compliance between the group receiving any zinc versus no zinc (b ¼ 0.02, P ¼ 0.42).
Treatment groups were comparable on most demographic characteristics, including age, sex, maternal literacy, paternal literacy and paternal occupation (Table 1) . More children from high castes and Pahadi (hilly terrain) ethnicity were randomized to the zinc supplementation group compared with the placebo. Also, the proportion of low SES children randomized to the iron-folic acid supplementation group was different from those in the placebo (for example, 32% of children with lowest SES were randomized to the iron-folic acid supplementation group as compared with 18% in the placebo). For the other supplementation groups, caste, ethnicity and SES were comparable to the placebo at baseline (Table 1) . For iron and iron plus zinc supplementation groups caste and ethnicity were comparable to the placebo at baseline. For the zinc and iron plus zinc supplementation groups, SES was comparable to the placebo at baseline. The mean head circumference in the placebo group was 43.06 cm, compared with 43.36, 42.87 and 43.13 cm in the zinc, iron-folic acid and zinc iron-folic acid groups, respectively.
The mean change in head circumference from baseline to the final visit was 1.82 cm (95% confidence interval (CI): 1.63 to 2.00) in the placebo. In all groups the z-scores for head circumference were smaller at the final visit compared with the initial one ( Figure 2 ). The change in head circumference z-score for the zinc group was À 0.56 compared with placebo, which was À 0.73 (diff: À 0.18, 95% CI: À 0.33 to À 0.03) ( Table 2) .
Difference between treatment groups in change in head circumference between visits 1 and 5 As we found no interaction between zinc and iron-folic acid supplementation effects on head circumference, we compared children receiving zinc supplementation (that is, combining the group receiving only zinc supplementation with the group receiving zinc plus iron-folic acid) and iron (that is, combining the groups receiving iron-folic acid alone with the group receiving zinc plus iron-folic acid). Unadjusted regression models indicated that compared with the placebo group, having been assigned to receive any zinc supplementation was associated with a 0.12 greater change in head circumference z-scores (95% CI: 0.02 to 0.22). Multivariate regression showed that the association between zinc supplementation and change in head circumference was still significant even after controlling for covariates and baseline head circumference (b ¼ 0.13, 95% CI: 0.03 to 0.23). As the coefficient only changed slightly after these adjustments, there was no evidence of confounding by the covariates. There was no significant relationship between iron-folic acid supplementation and the change in head circumference.
Longitudinal analyses using GEE Regression models using GEE also showed significant associations between zinc supplementation and change in head circumference z-score (Table 3) . In unadjusted models, zinc supplementation was associated with 0.21 (95% CI: 0.06 to 0.35) decrease in the rate of decline in head circumference z-score across visits as compared with placebo. However, the effects of zinc supplementation were attenuated (b ¼ 0.11, 95% CI: 0.05 to 0.17) in the adjusted GEE model. Iron-folic acid treatment was not significantly associated with a slower reduction in head circumference in unadjusted or adjusted models.
DISCUSSION
Our study results suggest that zinc supplementation during the first year of life had beneficial effects on head growth of Nepali children. Our outcome measure, change in head circumference z-score, represents the negative deviation in growth of the Nepali infants compared with the WHO normative growth reference; in short, growth faltering of the skull bones. A decrease in z-scores for head circumference over the first few months of life indicates that the head circumference of children in our sample did not increase as quickly as it did for infants from the reference population. The fact that head circumference z-scores declined on average, indicates that Nepali infants experience growth faltering in the skull bones in addition to the growth faltering in the long bones measured as stunting, which is well described. 23 Head circumference growth faltering has been previously described, for example, in Guatemalan children, 24 although using older reference data. It is a clinically relevant measure because head circumference growth in infancy is linearly correlated with brain growth 25 and with later IQ. 26 Analyses examining the rate of change in head circumference comparing differences between zinc and supplementation at baseline compared with a visit approximately a year later, showed smaller decreases in head circumference z-score in children who Presence of a latrine at the house, a servant, cattle, bicycle, radio, farmable land, home garden plot, second floor in the house, roof, TV, electricity at home and bullock cart.
Zinc effects on child head circumference PJ Surkan et al received zinc supplements compared with children who did not. These results concur with our second set of longitudinal analyses in which we used data from all time points, also showing a positive effect of supplementation on head circumference.
Our results regarding the benefit of zinc supplementation on head growth in early childhood are consistent with those of one previous study, 27 but contrast with other research studies. [28] [29] [30] [31] Krebs et al. 27 randomized 5-month-old infants to complementary feeding groups to receive either pureed beef or iron-fortified cereal. Children in the meat intervention group, with high zinc and protein intake, showed greater increases in head circumference between ages 7 and 12 months. However, a study randomizing 6-9-month-old infants to 10 mg of zinc or placebo for B7 months found no differences in head circumference. 28 Three additional studies on the effect of zinc supplementation or the introduction of zinc and iron rich foods in preterm or very low birthweight infants have shown null results. [29] [30] [31] The literature on randomized studies of zinc supplementation during pregnancy and head circumference at birth is also mixed with two studies reporting an association, 32, 33 one showing an association only in children of mothers with body mass index of o26, 34 and four studies suggesting no association. [35] [36] [37] [38] There has been one prospective study based on a food frequency questionnaire suggesting an inverse association between zinc intake of mothers in the second trimester of pregnancy with head circumference at birth. However, authors point out that results must be interpreted with caution as zinc could have been prescribed to prevent fetal growth retardation. 39 Consistent with the majority of the literature to date, we did not find a relationship between iron-folic acid supplementation and head circumference. A review article that summarized five randomized trials of iron supplementation, including two unpublished studies, concluded that there was no overall effect of iron supplementation on head circumference in infancy. 40 Nonetheless, an Indonesian study showed that a high energy iron supplement for a year had positive effects on head circumference at 4 months; however, it reported no benefits at 2, 6, 8, 10 and 12 month assessments. 41 Trials of iron supplementation during pregnancy in Nepal and India have shown no effect on head circumference. 42, 43 The strength of this study are its randomized design and the fact that it was carried out in a general population of healthy children where zinc and iron deficiencies are common. 17, 18 A limitation of our study may have been the difference in head circumference between our treatment groups at baseline, leading us to control for baseline head circumference in all adjusted models. Unfortunately, we are unable to evaluate possible effect modification by baseline iron-folic acid and zinc status to assess if the impact would have been differential depending on deficiency at baseline. Our findings also have biological plausibility, as zinc is an essential cofactor for a number of metabolic enzymes as well as transcription factors regulating growth, 44 providing a physiological basis for why it may be related to larger head circumference.
In summary, our results suggest that zinc supplementation in particular confers a beneficial effect on the rate of head growth in impoverished Nepali infants. Given the evidence for the Figure 2 . Graphs of head circumference z-score at each visit for placebo and micronutrient treatment group over time. importance of head growth for cognitive development, this is an important finding suggesting that these effects may be an additional reason to recommend zinc supplementation in rural Nepal, beyond other possible benefits in nutritionally deficient populations. 45 Further research is needed in order to know whether the benefits of zinc extend to other populations with different levels of micronutrient deficiencies and to what extent the beneficial effects of zinc supplementation persist over a longer time period.
